Testing the accuracy of high-resolution satellite-based and numerical model output precipitation products over Ethiopia by Dubache, Getachew et al.
Vol.:(0123456789) 
Theoretical and Applied Climatology 
https://doi.org/10.1007/s00704-021-03783-x
ORIGINAL PAPER
Testing the accuracy of high‑resolution satellite‑based and numerical 
model output precipitation products over Ethiopia
Getachew Dubache1 · Birhanu Asmerom2 · Waheed Ullah1 · Bob Alex Ogwang3 · Farshad Amiraslani4 · Zhu Weijun5 · 
Chaman Gul1
Received: 18 November 2020 / Accepted: 15 September 2021 
© The Author(s) 2021
Abstract
The indirect rainfall estimates by satellites and numerical models are the alternative options for the regions lacking enough 
and accurate ground observations. However, these indirect estimates often lack homogeneity and need to be evaluated before 
application. This study used gauge observations to test the accuracy of recently produced high-resolution satellite-based and 
numerical model output rainfall products over Ethiopia. Tropical Applications of Meteorology Using Satellite data and Ground-
Based Observations (TAMSAT v3.1), Climate Hazard group Infrared Precipitation with Stations (CHIRPS v2.0), and the ERA5 
reanalysis products were evaluated at monthly, seasonal, and annual temporal scales for the years 1992–2009. The satellite 
products showed nearly similar characteristics with much better accuracy than the model reanalysis output, which underestimated 
the rainfall amounts. Both satellite and reanalysis products captured the shapes of the rainfall at a monthly scale but less accurately 
at a seasonal scale. In general, the satellite-based products outperformed the reanalysis data set with a high correlation coefficient 
and index of agreement values, as well as low Root Mean Square Error and BIAS values. On the other hand, the reanalysis (ERA5) 
product showed a considerable underestimation in all sites. Therefore, satellite-based products are more reliable for researches in 
the region. However, the algorithms in both satellites need further calibration for a better estimation of seasonal rainfall amounts.
1 Introduction
Due to global climate change, accurate rainfall forecasts in 
association with agricultural activities are needed more than 
ever, especially in Africa, in which the continent’s econ-
omy badly depends on rain-fed agriculture. Eastern Africa, 
including Ethiopia, is exceedingly vulnerable to climate 
change and needs accurate rainfall measurements to moni-
tor agricultural resources. Unfortunately, the ground-based 
observations in Africa are insufficient due to the spatial and 
temporal discontinuities (Schreck and Semazzi 2004). Due 
to reduced rainfall, Ethiopia had been frequently exposed to 
famine from drought, which mainly occurred due to a lack 
of proper (skilled) forecast based on ground observations. 
For the past few decades, Scientists have been producing 
the indirect rainfall estimates from the satellite imagery and 
Numerical Weather Prediction model outputs at different 
spatial and temporal resolutions (e.g., Becker et al. 2013; 
Bergès et al. 2010; Harris et al. 2014; Herman et al. 1997; 
Huffman et al. 2010; Menne et al. 2012; Novella et al. 2013; 
Roebeling et al. 2012; Schneider et al. 2014). Most African 
countries have benefited from the freely available satellite-
based and numerical model reanalysis output products. 
Nowadays, there are several freely available satellite-based 
and numerical model output alternatives, but these indirectly 
estimated products need to be validated before application. 
One of the most common questions among scientific com-
munity platforms is “which rainfall data set is appropriate 
for this and that research sector?” Such questions need to be 
addressed carefully as the rainfall is very sensitive to various 
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conditions (e.g., topography), despite that many still conduct 
researches based on suggestions provided without verifica-
tion. The availability of these data sets by itself is not enough 
until it gets validated and verified.
Compared to the production rate of the satellite-based 
and model output products, little validation works have been 
conducted in various regions. The Climate Hazard group 
Infrared Precipitation with Stations (CHIRPS v2.0) is one 
of the popular products to be validated in multiple countries, 
e.g., China (Bai et al. 2018), Pakistan (Ullah et al. 2019), 
and Africa (Nkunzimana et al. 2020a; Ayehu et al. 2018; 
Dinku et al. 2018). Some of the satellite-based products, 
including CHIRPS and the Tropical Applications of Meteor-
ology Using Satellite Data and Ground-Based Observations 
(TAMSAT Versions 2 and 3), were validated in different 
regions of East Africa (e.g., Dinku et al. 2011, 2007, 2008a, 
2008b; Koutsouris et al. 2016; Nkunzimana et al. 2020b; 
Romilly et al. 2011). On the other hand, the reanalysis model 
output products were also validated in Africa. For example, 
Maidment et al. (2013) validated ERA-Interim and ERA-
40 products in Uganda, while Zhang et al. (2013) validated 
eight different reanalysis products in South Africa.
The latest validation work, which has an association with this 
study, was conducted in east Africa. Dinku et al. (2018) evaluated 
The Climate Hazards Group Infrared Precipitation (CHIRP) and 
CHIRPS products over East Africa (Ethiopia, Kenya, Somalia, 
Uganda, Rwanda, and Tanzania) at daily, dekadal (10-day), 
and monthly time scales. They compared these products with 
TAMSAT (2, 3) and the African Rainfall Climatology version 2 
(ARC2). The same products were evaluated at nearly the same 
time by Ayehu et al. (2018), but this time limited to only the 
upper Blue Nile river basin region of Ethiopia. Some other 
satellite-based and reanalysis products were also validated in 
Uganda (Maidment et al. 2013), Burundi (Nkunzimana et al. 
2020a), and Tanzania (Koutsouris et al. 2016).
This paper is intended to validate three products against 
the independent gauge observations at monthly, seasonal, in 
fact, the primary rainy season (June–September), and annual 
time scale in six selected regions of Ethiopia (Fig. 1b). The 
first product is CHIRPS, chosen because of its high resolution 
and performance in the region at daily, dekadal, and monthly 
time scales (Ayehu et al. 2018; Dinku et al. 2018). Secondly, 
the latest release (version 3.1) of Tropical Applications 
of Meteorology Using Satellite Data and Ground-Based 
Observations (TAMSAT). This product has the best 
resolution in Africa and is designed to provide accurate 
rainfall estimates to the continent. It has better performance 
than CHIRPS daily and is nearly similar at dekadal time 
Fig. 1  Map of the study area (a) land cover (b) topography with spe-
cific study sites. In figure  1 above the subfigure (a) is a land cover 
map of the study area with a ten-class global land use/land cover 
(LULC) map for 2020 at 10-meter resolution. The map is derived 
from ESA Sentinel-2 imagery at 10m resolution. This map was pro-
duced by a deep learning model trained using over 5 billion hand-
labeled Sentinel-2 pixels, sampled from over 20,000 sites distributed 
across all major biomes of the world (Esri 2021). Since Snow/Ice 
is not common in this region, only nine land cover types were con-
sidered from the ESRI land cover products. Subfigure (b) is for the 
topography map of the study area, with the locations of specific anal-
ysis sites
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scales (Dinku et al. 2018). The latest TAMSAT (version 3.1), 
which has not been validated in the region, is considered in 
this study. The third product considered for further validation 
in this paper is the fifth-generation reanalysis (ERA5) by 
the European Center for Medium-Range Weather Forecasts 
(ECMWF). The previous versions of this product, such as 
ERA-Interim and ERA-40, which are freely available at 
0.75° spatial resolution, have been widely applied in various 
research sectors across the world. Despite its popularity, 
many still argue its appropriateness in Africa due to the less 
accuracy of modeled rainfall estimates than satellite-based 
products (Diro et al. 2009; Lim and Ho 2000; Maidment et al. 
2013; Poccard et al. 2000). The previous versions, ERA-
Interim and ERA-40, were evaluated in Uganda (Maidment 
et  al. 2013). The latest version (ERA5) is selected for 
validation in this study because of the following reasons: (a) 
Due to the finest resolution (0.25°) compared to the previous 
versions (0.75°), (b) To test if the current version is improved 
and reliable in the region compared to the previous reports by 
(Maidment et al. 2013), and (c) Compare with the above two 
satellite-based products and see if this product could reverse 
the doubt (Diro et al. 2009; Lim and Ho 2000; Maidment 
et al. 2013; Poccard et al. 2000). So, validating this product 
would help to understand if it is reliable or not as well as its 
performance compared to satellite-based products.
2  Study regions
The study region (Ethiopia) belongs to the sub-tropics 
(3.30°–15°N, 33°–48°E) and experiences tri-modal rain-
fall regime: October–January, February–May, and the main 
rainy season (June–September) that accounts for 50–80% 
of annual rainfall (Dubache et al. 2019a, 2019b). Therefore, 
most of the agricultural productivity depends on rain dur-
ing June–September season. Among the six selected study 
sites in this study, at least four falls in this major rain season 
(Fig. 1b). The sites were chosen carefully, considering the 
region's complex topography (Fig. 1b) and the variety of 
land cover types (Fig. 1a). Additional information on the 
locations of selected study sites is included in Table 1.
In Fig. 1 above the subfigure (a) is a land cover map of 
the study area with a ten-class global land use/land cover 
(LULC) map for 2020 at 10 m resolution. The map is derived 
from ESA Sentinel-2 imagery at 10 m resolution. This map 
was produced by a deep learning model trained using over 
5 billion hand-labeled Sentinel-2 pixels, sampled from over 
20,000 sites distributed across all major biomes of the world 
(Esri 2021). Since snow/ice is not common in this region, 
only nine land cover types were considered from the ESRI 
land cover products. Subfigure (b) is for the topography map 
of the study area, with the locations of specific analysis sites.
3  Data and methods
3.1  Station data
The National Meteorological Agency of Ethiopia provided 
monthly mean rain gauge data for 1992–2009. After exclud-
ing the stations with large missing values, sixty-eight sta-
tions across the country were considered in this study. Sea-
sonal (June–September) and annual mean rainfall data used 
in the study were derived from the given monthly mean. The 
well-known Kriging interpolation method has been applied 
to estimate the monthly, seasonal, and annual rainfall for the 
locations lacking gauge observations.
3.2  Satellite products
The TAMSAT, v3.1, and CHIRPS v2.0 are the two satellite-
based products selected for this study. Both products have the 
best resolution and cover the study region for an extended period.
TAMSAT satellite is produced at the University of Read-
ing to provide accurate rainfall estimates with high resolu-
tion for Continent Africa (Maidment et al. 2014b; Maidment 
et al. 2017; Tarnavsky et al. 2014). The TAMSAT algorithm 
works on the assumption that cold cloud-top temperatures 
(obtained from Meteosat thermal-infrared images) of tropi-
cal storms identify raining clouds. The previous versions of 
this product have been validated in some regions of Africa 
(Dinku et al. 2007; Herman et al. 1997; Jobard et al. 2011; 
Laurent et al. 1998; Maidment et al. 2013; Thorne et al. 
2001; Tucker et al. 2001). Therefore, the most recent ver-
sion (TAMSAT v3.1) is used in this study.
CHIRPS is the combination of stations with various sat-
ellite products and developed in the University of Califor-
nia by the U.S. Geological Survey and the Climate Hazards 
Group and available at daily, pentadal, dekadal, and monthly 
time scales from 1981 to near present (Funk et al. 2015a, 
2015b, 2014). CHIRPS is one of the few latest satellite prod-
ucts, in which validation works have been conducted in parts 
of East Africa and recommended as more reliable to the 
region than other products (Ayehu et al. 2018; Dinku et al. 
Table 1  Locations and their elevations of the selected study sites
The full name for ‘’Dire’’ and ‘’Bole’’ in Tables 1, 2, 3, and 4 stands 
for the Dire Dawa and Bole Addis Ababa gauge stations or study sites
Station Latitude (°) Longitude (°) Elevation (m)
Bole 9.03 38.75 2354
Dire 9.97 42.53 1180
Awassa 7.06 38.48 1694
Gondar 12.52 37.43 1973
Moyale 3.55 39.03 1166
Adwa 14.18 38.88 1911
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2018; Nkunzimana et al. 2020a). In this study, the monthly 
average (0.25°) is used for validation.
3.3  ERA5
ERA5 is called the fifth-generation reanalysis data set, 
which extends the popular ERA products family such 
as ERA-Interim and ERA-40 produced by the European 
Center for Medium-Range Weather Forecasts (ECMWF) 
(Hersbach and Dee 2016; Hoffmann et al. 2019). Accord-
ing to Hersbach and Dee (2016), ERA5 was produced by 
including different characteristics to the ERA-Interim ver-
sion and available from 1979 to present. The spatial reso-
lution has improved from 79 km horizontal resolution to 
31 km, whereas the temporal resolution from six hours in 
ERA-Interim to hourly in ERA5 (Hersbach and Dee 2016). 
The previous versions were validated and reported in East 
Africa, Uganda (Maidment et al. 2013). The monthly aver-
aged (0.25°) for 1992–2009 is used for further validation in 
this study.
3.4  Data preparation
The point-scale gauge observations with few missing values 
were considered for testing the satellite-based and reanaly-
sis products. Since the gauge observation is not representa-
tive of the area average, it would be better if the average of 
some more gauge stations in a pixel were considered for 
comparison. However, due to the scarcity of gauge stations 
and also the best resolution of both satellite-based as well as 
reanalysis data sets, the nearest neighbor-interpolated grid-
ded data from the satellite/model grids to the location of a 
weather station (grids around the station) were compared 
with a single-point gauge station. The six regions selected 
for validation in this study (Fig. 1b) are far apart, have much 
elevation difference (Table 1), and experience different cli-
mate conditions. Considering the complex topography of 
Ethiopia and variety of land cover types, the selected regions 
could help understand the performance of these products in 
different climatic zones. For the average over the country, 
the Kriging interpolation from sixty-eight-gauge stations 
was compared with the satellite-based and reanalysis prod-
ucts (Fig. 3).
3.5  Statistics
Various skill metrics have been applied to validate the 
satellite-based and reanalysis products against the inde-
pendent gauge measurement. Some of the common skill 
metrics used in this study include Index of Agreement 
(IA), simple linear regression (slope and coefficient of 
determination), Pearson’s correlation confidence (r), Root 
Mean Square Error (RMSE), Nash and Sutcliffe efficiency 
(NSE), and BIAS. A detailed description of these and 
related skill metrics for statistical performance evaluation 
are presented elsewhere (Dubache et al. 2019a, 2019b; 
Fig. 2  Mean monthly climatol-
ogy of Gauge, TAMSAT 3.1, 
CHIRPS, and ERA5 rainfall 
estimates over the selected 
study sites in Ethiopia (1992-
2009)
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Moriasi et al. 2007; Nageswararao et al. 2018; Nash et al. 
1970; Singh et al. 2021). The mathematical expression of 
the skill metrics used in this study is presented in (Eqs. 1, 
2, 3, 4, 5).

















































































where i and n, for i = 1, 2, …, n indicate the ith number of 
gauge, satellite, or model products, whereas S, S , G, and 
G stand for satellite or model products, mean of satellite 
or model products, and gauge observations, respectively. 
RMSE is used to measure the absolute mean difference 
between the satellite- or model-based products and the cor-
responding gauge observation. RMSE value close to 0 indi-
cates better satellite or model performance. Pearson’s corre-
lation confidence (r) is used to measure the linear correlation 
between satellite- or model-based products and rain gauge 
data, with − 1 and 1 indicating a high negative/positive cor-
relation between the satellite/or model products and gauge 
observations, respectively. The BIAS is used to measure 
how much the satellite and model products underestimate 
or overestimate compared to the gauge observations. The 
BIAS values close to 1 indicate the best performance of the 
satellite or model products, whereas less than/or greater than 
1 suggests under/overestimation, respectively. The IA index 














Fig. 3  Gauge, Kinging (interpolation from existing 68-gauge observation stations), TAMSAT 3.1, CHIRPS, and ERA5 monthly mean, seasonal 
mean, and annual mean rainfall products over Ethiopia (1992-2009)
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Fig. 4  Monthly mean rainfall 
pattern of Gauge, TAMSAT 3.1, 
CHIRPS, and ERA5 over the 
selected study sites in Ethiopia 
(1992-2009)
Fig. 5  Linear regression 
between the monthly mean 
Gauge and TAMSAT, CHIRPS, 
ERA5 rainfall estimates in 
selected study sites in Ethiopia 
(1992-2009). The subplots 
(a), (b), (c), (d), (e), and (f) 
represent the selected study 
sites Bole, Awassa, Diredawa, 
Gonder, Moyale, and Adwa, 
respectively. The grey diagonal 
line stands for the 1:1 fitting 
line
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better simulation and otherwise worse. Finally, the NSE is 
defined to compare the overall deviation of simulations from 
observations with the observation variance, with 1 telling 
the best simulation, those values between 0 and 1 showing 
acceptable model performance, and otherwise worse.
4  Results
4.1  Climatology
All the products well captured the temporal pattern of the 
ground observation; however, the reanalysis ERA5 product 
showed considerable underestimation in all cases, espe-
cially during rainy months (Fig. 2). Sites located in the rift 
valley belt (Dire Dawa and Moyale) followed a bimodal 
rainfall distribution, while the rest showed a uni-modal 
regime. March–April and July are rainy months in Dire 
Dawa, whereas, Moyale receives high rainfall in April, 
October, and November. The other four sites experience 
high rainfall June–September. Awassa is also one of the 
sites located in the rift valley belt but shares a uni-modal 
regime. The rain in Awassa starts around April and ends 
around October, which showed a unique pattern compared 
to other sites. The satellite-based products showed slight 
overestimation during the rainy season at Bole, Gonder, 
and Adwa sites but underestimated at the Dire Dawa site. 
The ERA5 reanalysis product showed underestimation at 
all locations throughout the study period. The previous 
product, ERA-40, was validated in Uganda and underes-
timated the dekadal rainfall estimates (Maidment et al. 
2013).
The mean monthly rainfall from sixty-eight-gauge obser-
vations with fewer missing values was considered, and the 
popular kriging interpolation method (Oliver and Webster 
1990) was applied to estimate rainfall for the places with no 
observations (Fig. 3). Kriging was applied to the seasonal 
and annual mean time cycles derived from mean monthly 
values. The spatial distribution in (Fig. 3) showed all the 
products correctly displayed the magnitudes of the rainfall 
in the region, despite the bias during interpolation due to 
lack of observations in the southeastern part of the country. 
Table 2  Performance indices 
result for the mean monthly 
rainfall estimates between gauge 
and TAMSAT, CHIRPS, and 
ERA5 products
The symbols r, R2, RMSE, IA, and NSE stands for Pearson’s correlation coefficient, coefficient of determi-
nation, Root Mean Square Error, index of agreement, and Nash and Sutcliffe efficiency, respectively
The asterisks (*, **, ***) stand for significance levels of p < 0.05, 0.01, and 0.001, respectively
Monthly
r R2 Slope RMSE BIAS NSE IA
Bole
 TAMSAT 0.87*** 0.76** 1.18 0.62 1.16 0.52 0.91
 CHIRPS 0.90*** 0.81** 1.02 0.47 1.18 0.73 0.94
 ERA5 0.87*** 0.75** 0.51 0.60 0.62 0.55 0.82
 TAMSAT 0.76** 0.58** 0.70 0.37 1.04 0.55 0.87
Awassa
 CHIRPS 0.81** 0.66** 0.70 0.32 1.01 0.66 0.90
 ERA5 0.66** 0.43* 0.23 0.72 0.30 -0.68 0.56
 TAMSAT 0.71** 0.51* 0.41 0.43 0.65 0.37 0.74
Dire
 CHIRPS 0.83** 0.68** 0.48 0.37 0.68 0.52 0.81
 ERA5 0.52* 0.27* 0.15 0.64 0.20 -0.42 0.52
 TAMSAT 0.90*** 0.80** 0.83 0.55 0.97 0.80 0.94
Gonder
 CHIRPS 0.93*** 0.86*** 0.76 0.48 0.94 0.85 0.95
 ERA5 0.79** 0.62** 0.44 0.88 0.63 0.49 0.78
 TAMSAT 0.73** 0.54* 0.71 0.46 1.17 0.47 0.85
Moyale
 CHIRPS 0.79** 0.62** 0.88 0.47 1.45 0.44 0.87
 ERA5 0.73** 0.54* 0.22 0.55 0.45 0.24 0.55
 TAMSAT 0.61** 0.37* 0.37 1.10 0.60 0.28 0.72
Adwa
 CHIRPS 0.64** 0.41* 0.39 1.07 0.61 0.32 0.74
 ERA5 0.50* 0.25* 0.16 1.34 0.28 -0.07 0.51
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This region usually experiences quite a low rainfall and has 
no significant influence on the country's economy. Com-
pared to the reanalysis ERA output product, both satellite-
based products better reflected the rainfall distributions at 
seasonal and annual scales.
4.2  Monthly mean rainfall
The mean monthly rainfall distribution pattern was well 
captured by both the satellite-based products and the rea-
nalysis product, despite the different magnitudes of bias in 
each case (Fig. 4). The ERA5 product showed considerable 
underestimation at all selected study sites, while the satellite 
products were underestimated significantly at the Dire Dawa 
site, which is located in the Eastern part of the country and 
experiences a bi-model rainfall distribution, and overesti-
mated at the Bole site.
The qualitative regression results (Fig. 5) and the perfor-
mance indices (Table 2) explain the relationship between 
the compared constituents. ERA5 has shown a considerable 
underestimation with a relatively low correlation compared 
to the satellite products. Both (Fig. 6c and f) showed signifi-
cant depreciation by both satellite products; however, the 
large bias in (Fig. 5f) is due to the outlier of gauge obser-
vation toward the last two years of the study period (see, 
Fig. 4, Adwa).
The scatter plot in (Fig. 5) presented the various mag-
nitude of underestimated values of both satellites and 
reanalysis almost in all cases, except Bole, which has slight 
overestimation in satellite products. Despite the difference 
in accuracy from site to site, CHIRPS showed better results 
in most cases, except the Gonder site (Fig. 5d), in which 
TAMSAT outperformed. Both satellite products showed a 
large bias in Adwa (Fig. 5f) and moderate bias in Dire Dawa 
(Fig. 5c). ERA5 was found to be highly biased/underesti-
mated for all products at all sites.
According to the skill metrics results (Table 2), various 
magnitudes of performance were observed at the monthly 
time scale. In this case, except for two sites (Moyale and 
Adwa), CHIRPS showed high performance in all other 
locations with high correlation coefficient, coefficient of 
determination, index of agreement, and low RMSE and 
BIAS values. For the CHIRPS, in most cases, the NSE 
values are above 0.5 and the slopes are above 0.6 and 
below 1.2. TAMSAT followed CHIRPS with the slight-
est difference in most cases, whereas ERA5 showed less 
performance than the satellite products, yet still significant 
in most cases.
4.3  Seasonal mean rainfall
June–September is the main rainy season in Ethiopia. Except 
for Moyale other five study sites in (Fig. 6) are influenced 
by this season. Compared to the monthly mean, the seasonal 
mean rainfall pattern was less captured by all products. The 
Fig. 6  Seasonal mean (June-
September) rainfall pattern of 
gauge, TAMSAT 3.1, CHIRPS, 
and ERA5 over the selected 
study in Ethiopia (1992-2009)
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quantitative analysis results in Table 3 and the regression plot 
(Fig. 7) testified the same. Thus, the negative bias of ERA5 in 
all study sites and the nearly close magnitude of both satellite-
based products reflect what is presented in the monthly case.
Despite the struggle to capture the seasonal pattern of the 
rainfall adequately, CHIRPS still performed well in finding the 
phase of gauge observations (Fig. 6). The regression plot in 
(Fig. 7) and performance indices values in Table 3 indicated 
that CHIRPS has slightly better performance than TAMSAT, 
except the Awassa site in which TAMSAT outperformed. The 
ERA5 product is underestimated in all cases but still significant.
In the case of the seasonal time scale, the products were 
less accurate compared to monthly performance. However, 
still, CHIRPS performed well with the seasonal average 
correlation coefficient of 0.59, Root Mean Square Error of 
0.47, and BIAS value of 0.89. In contrast, TAMSAT is next 
with the correlation coefficient of 0.36, Root Mean Square 
Error of 0.53, and BIAS value of 0.76. ERA5 showed a bet-
ter correlation in two individual cases; however, the overall 
average is less with the correlation coefficient 0.40, RMSE 
0.89, and BIAS value 0.38. Finally, the quantitative results 
at the Moyale site (which is not rainy during this season) in 
Table 3 indicated that CHIRPS matched very well with the 
gauge observation during normal conditions.
The scatter plot (Fig. 7) can be seen with the correspond-
ing metrics results in Table 3 to confirm the sizeable nega-
tive bias of ERA5 in all study sites (Fig. 7a–f) and the corre-
sponding plot without ERA5 (Fig. 7g–l). The plot presented 
the over/underestimation by the products and the struggle 
to capture the pattern of the seasonal rainfall distribution at 
each study site.
4.4  Annual mean rainfall
The performance of the products at an annual scale falls 
somewhere between monthly and seasonal time scales. 
For example, in (Fig. 8) all the products tried to capture 
the shape of yearly mean rainfall distribution and the cor-
responding statistics results in Table 4 showed moderately 
good performance.
Table 3  Performance indices 
result for the mean seasonal 
rainfall estimates between gauge 
and TAMSAT, CHIRPS, and 
ERA5 products
The symbols r, R2, RMSE, IA, and NSE stands for Pearson’s correlation coefficient, coefficient of determi-
nation, Root Mean Square Error, index of agreement, and Nash and Sutcliffe efficiency, respectively
The asterisks (*, **, ***) stand for significance levels of p < 0.05, 0.01, and 0.001, respectively. The r and 
R2 values without asterisks indicate insignificance (i.e., p > 0.05)
Seasonal
r R2 Slope RMSE BIAS NSE IA
Bole
 TAMSAT 0.49* 0.24* 0.57 0.63 1.28 − 2.62 0.53
 CHIRPS 0.57** 0.33* 0.41 0.43 1.18 − 0.70 0.62
 ERA5 0.40* 0.16* 0.14 0.76 0.62 − 4.29 0.38
 TAMSAT 0.63** 0.40* 0.43 0.22 1.05 0.35 0.76
Awassa
 CHIRPS 0.34* 0.12* 0.17 0.27 1.01 0.09 0.51
 ERA5 0.65** 0.43* 0.18 0.89 0.26 − 9–09 0.34
 TAMSAT 0.40* 0.16* 0.15 0.36 0.63 − 1.91 0.49
Dire
 CHIRPS 0.51* 0.26* 0.21 0.33 0.67 − 1.39 0.53
 ERA5 0.59** 0.34* 0.06 0.79 0.06 − 13.15 0.31
 TAMSAT 0.47* 0.22* 0.15 0.82 0.89 0.11 0.44
Gonder
 CHIRPS 0.78** 0.61** 0.20 0.80 0.85 0.15 0.51
 ERA5 0.32* 0.10 0.04 1.28 0.61 − 1.18 0.43
 TAMSAT 0.06 0.00 0.09 0.10 0.71 − 2.29 0.42
Moyale
 CHIRPS 0.94*** 0.89*** 0.54 0.04 0.74 0.53 0.82
 ERA5 0.39* 0.15* 0.08 0.08 0.36 − 1.32 0.48
 TAMSAT 0.13* 0.02 0.03 1.06 0.87 − 0.42 0.41
Adwa
 CHIRPS 0.37* 0.14* 0.10 0.98 0.87 − 0.21 0.45
 ERA5 0.03 0.00 0.00 1.55 0.39 − 2.01 0.40
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Annual mean rainfall pattern of gauge, TAMSAT 3.1, 
CHIRPS, and ERA5 over the selected study sites in Ethio-
pia (1992–2009).
The performance of the products at an annual scale falls 
somewhere between monthly and seasonal time scales. 
For example, in (Fig. 8) all the products tried to capture 
the shape of yearly mean rainfall distribution and the cor-
responding statistics results in Table 4 showed moderately 
good performance.
The reanalysis product is still underestimated but rela-
tively better compared to the seasonal scale. The regression 
subplots (Fig. 9g–f) were used to see the results exclud-
ing the ERA5 product, which is mainly biased at all sites 
throughout the study time range.
All the products have relatively better performance 
(Table 4) with slight differences from site to site. CHIRPS 
achieved better with the average correlation coefficient of 
0.63, Root Mean Square Error of 0.17, and BIAS value of 
Fig. 7  Linear regression between seasonal mean (June-September) 
gauge and TAMSAT, CHIRPS, ERA5 rainfall estimates in selected 
study sites in Ethiopia (1992-2009). The subplots (a), (b), (c), (d), 
(e), and (f) represent the selected study sites Bole, Awassa, Diredawa, 
Gonder, Moyale, and Adwa, respectively. The corresponding (g), (h), 
(i), (j), (k), and (l) stand for the same sites but excluding the ERA5 
data set. The grey diagonal line stands for the 1:1 fitting line
Testing the accuracy of high‑resolution satellite‑based and numerical model output…
1 3
0.97. TAMSAT also performed well with the average cor-
relation coefficient of 0.60; Root Mean Square Error of 0.17 
and BIAS value of 0.95. In the case of ERA5, 0.65, 0.44, 
and 0.42 are the average correlation coefficient, Root Mean 
Square Error, and BIAS values, respectively. The index of 
agreement is above average in most cases, but NSE val-
ues are good only in few cases. For the detailed statistical 
results of individual study sites, see Tables 2, 3, and 4 for 
monthly, seasonal, and annual time scales, respectively.
The monthly, seasonal, and annual mean and total, as well 
as their difference of gauge, TAMSAT, CHIRPS, and ERA5 
data sets of all sites are presented in Table 5. From this, it is 
obvious to see the magnitude of the bias based on the differ-
ence between gauge and other products. As clearly indicated 
in the above results, the bias correction results also reflected 
the large difference between gauge and ERA5 data in all 
sites. TAMSAT and CHIRPS also showed noticeable differ-
ences with the gauge in some cases, low compared to ERA5.
4.5  .
5  Discussion
The observed monthly mean rainfall data were used to vali-
date TAMSAT, CHIRPS, and ERA5 precipitation products. 
Despite the considerable underestimation of the ERA5 
product, all three products were able to capture the clima-
tological pattern of the rainfall in sites. The spatial pattern 
over the country also showed that the products could indi-
cate the rainfall amounts in different regions. Statistically, 
the satellite products are much better than the reanalysis 
products, which showed significant underestimation in 
all study sites and cycles. The results showed that all the 
products outperformed on a monthly scale compared to 
seasonal and annual scales. CHIRPS showed slightly bet-
ter accuracy than TAMSAT at monthly scale. This agrees 
with a recent study in the region (Dinku et al. 2018), which 
reported that CHIRPS performed slightly better than TAM-
SAT (version 3) at dekadal and monthly scales. CHIRPS 
still performed better in capturing the shapes and estimat-
ing the magnitudes of the seasonal rainfall amounts. The 
same is true on the annual scale, even though TAMSAT 
showed slightly better performance in few cases. Another 
study in East African country, Burundi (Nkunzimana et al. 
2020a), has also reported the execution of CHIRPS at the 
annual time scale compared to other satellite products. The 
poor performance of the satellites in capturing the pattern 
and estimating the magnitudes of the seasonal rainfalls 
can be attributed to various factors. For instance, the com-
plex topography of the study region, the nature of heavy 
seasonal rain in the region, and the possible limitation in 
algorithm design could be some of the reasons. Derin and 
Yilmaz (2014) evaluated several satellite products globally. 
They reported that all the satellite-based estimations have 
Fig. 8  Annual mean rainfall 
pattern of gauge, TAMSAT 3.1, 
CHIRPS, and ERA5 over the 
selected study sites in Ethiopia 
(1992-2009)
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difficulties representing the precipitation gradient normal 
to the elevated terrain. The evaluation work on several sat-
ellite products worldwide showed a general underestima-
tion of heavy precipitation over eastern Africa (Sun et al. 
2018; Thiemig et al. 2012).
Both CHIRPS and TAMSAT are highly accepted and 
widely used products in the region. But, to be honest, TAM-
SAT is supposed to be better than CHIRPS, especially in this 
study region, for some reasons. Firstly, it has a much higher 
spatial resolution (0.0375°) than CHIRPS (0.25°, monthly) 
and other data sources that cover this study region. Secondly, 
the CHIRPS satellite uses a fixed rain/no rain temperature 
threshold, whereas TAMSAT uses a varying condition 
(Dinku et al. 2018), so both products have nearly similar 
algorithms. Thirdly, TAMSAT has a single goal of hav-
ing accurate rainfall estimates in Africa considering more 
detailed continental conditions, while CHIRPS satellite 
covers beyond. Last but not least, TAMSAT estimates have 
been validated over the complex terrain of Ethiopia (which 
is also the region of this study) and demonstrated good skills 
(Maidment et al. 2017). Yet, still, CHIRPS performs better 
in all cases, except at a daily scale (Dinku et al. 2018).
Most satellite products include rain gauge measurements 
from the Global Telecommunications System, which only 
considers synoptic observations. Despite a limited number 
of synoptic observations in the Global Telecommunications 
System, it also reports sporadically (Dinku et al. 2014). It 
was reported that about 20-gauge stations are accessible 
from Ethiopia through the Global Telecommunications 
System, while a country has over 500 gauges (Dinku et al. 
2014). So, CHIRPS might have access to the more signifi-
cant number of gauges in the region during the calibration, 
whereas TAMSAT did not. Another study in the region 
pointed out the difficulty of local calibration due to access-
ing the rain gauge data (Dinku et al. 2011) and suggested 
the products could be improved through blending with gauge 
observations. These might be some of the reasons behind the 
less accuracy of the satellite products.
The reanalysis model output product (ERA5) showed 
large negative bias almost in all cases and was less accurate 
Table 4  Performance indices 
result for the mean annual 
rainfall estimates between gauge 
and TAMSAT, CHIRPS, and 
ERA5 products
The symbols r, R2, RMSE, IA, and NSE stands for Pearson’s correlation coefficient, coefficient of determi-
nation, Root Mean Square Error, index of agreement, and Nash and Sutcliffe efficiency, respectively
The asterisks (*, **, ***) stand for significance levels of p < 0.05, 0.01, and 0.001, respectively. The r and 
R2 values without asterisks indicate insignificance (i.e., p > 0.05)
Annual
r R2 Slope RMSE BIAS NSE IA
Bole
 TAMSAT 0.58* 0.34* 0.61 0.18 1.13 − 0.42 0.70
 CHIRPS 0.74** 0.55* 0.51 0.16 1.15 − 0.18 0.70
 ERA5 0.67** 0.45* 0.24 0.37 0.60 − 4.88 0.40
 TAMSAT 0.77** 0.59* 0.71 0.08 1.03 0.54 0.87
Awassa
 CHIRPS 0.61* 0.37* 0.44 0.10 0.99 0.36 0.75
 ERA5 0.74** 0.55* 0.26 0.58 0.30 − 21.98 0.26
 TAMSAT 0.38* 0.15* 0.13 0.23 0.64 − 2.45 0.45
Dire
 CHIRPS 0.72** 0.51* 0.23 0.21 0.67 − 1.86 0.49
 ERA5 0.70** 0.49* 0.20 0.45 0.20 − 12.51 0.31
 TAMSAT 0.46* 0.21* 0.22 0.26 0.89 − 0.01 0.57
Gonder
 CHIRPS 0.77** 0.59* 0.28 0.25 0.86 0.09 0.60
 ERA5 0.48* 0.23* 0.14 0.50 0.58 − 2.73 0.43
 TAMSAT 0.79** 0.63* 0.81 0.12 1.06 0.56 0.88
Moyale
 CHIRPS 0.84*** 0.71** 0.82 0.12 1.16 0.57 0.89
 ERA5 0.65** 0.42* 0.14 0.30 0.41 − 1.53 0.43
 TAMSAT 0.1 0.01 -0.01 1.05 0.95 − 0.26 0.33
Adwa
 CHIRPS 0.09 0.01 0.01 1.03 0.97 − 0.21 0.33
 ERA5 0.14 0.02 -0.01 1.21 0.42 − 0.68 0.38
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than the satellite products. This agrees with several previous 
studies (Diro et al. 2009; Lim and Ho 2000; Maidment et al. 
2013; Poccard et al. 2000), which documented that rainfall 
is less accurate over Africa than satellite-based products. 
It was also reported that the general circulation models, 
which operate at resolutions greater than 50 km and rely on 
parameterizations that approximate precipitation processes 
across a model grid square, are not able to resolve the small-
scale processes associated with tropical convection and 
precipitation (Maidment et al. 2014a), and the uncertainties 
in these approximations could lead to bulky errors in the 
estimated rainfall (Allan et  al. 2007; Flato et  al. 2014; 
Pearson et al. 2014; Pope et al. 2000; Yang and Slingo 2001). 
The latest ERA5 product, which operated at around 30 km 
grid resolution, still resulted in a large underestimation in all 
the cases considered in this study. The previous version of 
this product (ERA-40) was validated in Uganda at dekadal 
time scale (Maidment et al. 2013) but still underestimated.
Fig. 9  Linear regression between the annual mean gauge and TAM-
SAT, CHIRPS, ERA5 rainfall estimates in selected study sites in 
Ethiopia (1992-2009). The subplots (a), (b), (c), (d), (e), and (f) rep-
resent the selected study sites Bole, Awassa, Diredawa, Gonder, Moy-
ale, and Adwa, respectively. The corresponding (g), (h), (i), (j), (k), 
and (l) stand for the same sites but excluding the ERA5 data set. The 
grey diagonal line stands for the 1:1 fitting line
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6  Conclusion
Historical records indicate that Ethiopia lost millions of lives 
due to the devastating drought and most of those droughts 
were directly associated with the failure of seasonal rain-
fall. The satellite-based and numerical model output rain-
fall estimates are the best alternatives to replace the region's 
sparse and discontinuous ground-based observations. Thus, 
the frequent drought and flood events could better be fore-
casted and monitored. According to some previous studies, 
CHIRPS is a reliable product among several freely available 
satellite-based rainfall estimates in the region. In this study, 
two recently produced high-resolution satellite-based prod-
ucts such as CHIRPS and TAMSAT and one latest released 
high-resolution reanalysis model output product (ERA5) 
were evaluated using gauge observations. The evaluation 
was conducted at monthly, seasonal, and annual time scales 
at six different sites in Ethiopia. The results indicated that 
the CHIRPS product performed well in all cases and TAM-
SAT followed with the slightest difference.
On the other hand, the reanalysis model output product 
showed considerable underestimation in all cases. Thus, despite 
the negligible differences, both satellite-based products can be 
reliable in the region. Still, it would be better to compare both 
products against the in situ observations before application for 
the site-based research works. Furthermore, the algorithms need 
further calibration with quality and enough gauge observations 
to improve the estimation of seasonal rainfall amounts.
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Table 5  The difference in total and average values of the gauge against satellite/model products
Total and average stand for the total sum and average rainfall of gauge, TAMSAT, CHIRPS, and ERA5 of all sites at monthly, seasonal, and 
annual scales, respectively, whereas total-df and ave-df stand for the difference of total sum and average values between the gauge and other indi-
rect estimates of all sites at monthly, seasonal, and annual time scales, respectively
Sites Data type Monthly Seasonal Annual
Total Total-df Average Ave-df Total Total-df Average Ave-df Total Total-df Average Ave-df
Bole Guage 18,256 85 3309 184 1568 87
TAMSAT 21,227 2971 98 14 4236 926 235 51 1769 201 98 11
CHIRPS 21,620 3364 100 16 3909 600 217 33 1802 233 100 13
ERA 11,338 − 6918 52 − 32 2048 − 1261 114 − 70 945 − 623 52 − 35
Awassa Guage 17,357 80 2083 116 1463 81
TAMSAT 17,995 638 83 3 2196 113 122 6 1500 36 83 2
CHIRPS 17,497 140 81 1 2096 13 116 1 1458 − 5 81 0
ERA 5262 − 12,095 24 − 56 548 − 1536 30 − 85 438 − 1025 24 − 57
Dire Guage 11,491 53 1466 81 976 54
TAMSAT 7466 − 4026 35 − 19 921 − 545 51 − 30 622 − 354 35 − 20
CHIRPS 7789 − 3702 36 − 17 981 − 486 54 − 27 649 − 327 36 − 18
ERA 2272 − 9219 11 − 43 85 − 1382 5 − 77 189 − 787 11 − 44
Gonder Guage 20,511 95 4408 245 1873 104
TAMSAT 19,886 − 625 92 − 3 3931 − 477 218 − 27 1657 − 216 92 − 12
CHIRPS 19,236 − 1275 89 − 6 3735 − 673 208 − 37 1603 − 270 89 − 15
ERA 12,950 − 7561 60 − 35 2668 − 1740 148 − 97 1079 − 794 60 − 44
Moyale Guage 8110 38 199 11 749 42
TAMSAT 9482 1372 44 6 128 − 71 7 − 4 790 41 44 2
CHIRPS 11,749 3639 54 17 154 − 46 9 − 3 870 122 48 7
ERA 3656 − 4454 17 − 21 82 − 117 5 − 7 305 − 444 17 − 25
Adwa Guage 20,778 96 3562 198 1850 103
TAMSAT 12,403 − 8375 57 − 39 2516 − 1046 140 − 58 1034 − 817 57 − 45
CHIRPS 12,718 − 8059 59 − 37 2634 − 929 146 − 52 1060 − 790 59 − 44
ERA 5807 − 14,971 27 − 69 1288 − 2274 72 − 126 484 − 1366 27 − 76
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